We have demonstrated an ultrafast high-contrast surface-reflection all-optical switch using a spin-polarization scheme. The device is made with low-temperature-grown Be-doped strained InGaAs/InAlAs multiple quantum wells. It has a photoresponse of 300 fs due to ultrafast electron trapping. The on/off ratios have been drastically improved by more than 20 dB, and reached over 30 and 40 dB at pump pulse energies of 4 and 14 pJ, respectively. Furthermore, we have obtained polarization insensitive operation by handling the two orthogonal components of the signal pulse at two different points. © 2000 American Institute of Physics. ͓S0003-6951͑00͒04845-2͔
Ultrafast high-contrast and polarization-insensitive alloptical switches operating in the 1.55 m band will be of great importance in high-bit-rate optical communication systems, and many types of ultrafast all-optical switches [1] [2] [3] [4] [5] [6] [7] [8] that utilize the optical nonlinearity of various materials [9] [10] [11] [12] are being studied. The surface normal ones are especially attractive because they can be used for dense parallel processing and simultaneous multichannel demultiplexing, 13 are easy to make, and require no external power supply. An ultrafast all-optical switch has been demonstrated using picosecond spin-polarization relaxation in a GaAs/AlGaAs multiple quantum well ͑MQW͒ étalon 5 recently, and we have previously reported a surface-reflection all-optical switch ͑called LOTOS͒ made with low-temperature-grown Be-doped strained InGaAs/InAlAs MQWs. 6, 14 It is basically a saturable absorber that relies on a carrier-induced change in the excitonic absorption of MQWs. It includes a one-pair InGaAsP/ InP distributed Bragg reflector ͑DBR͒, a 5-m-thick InGaAs/InAlAs MQW region, and an InAlAs/InP superlattice. All layers were grown by gas-source molecular beam epitaxy. Ultrafast operation was obtained by growing the MQW region at a low temperature ͑200°C͒ and doping it with Be 9-11 (7.8ϫ10 17 cm Ϫ3 ). Furthermore, large optical nonlinearity was obtained by compressively straining the quantum wells, adopting reflection geometry and using a DBR with 1% reflectivity. Compressive strain lowers the density of states in the valence band of the quantum wells, so absorption saturation requires fewer carriers. 15 The reflection geometry combined with a low-reflectivity DBR provides a so-called asymmetric Fabry-Pérot ͑AFP͒ étalon with an extremely low Q value. 2, 3 All of these improvements enable ultrafast all-optical switching with a response time of 250 fs and an on/off ratio of 14 dB at a switching energy of 10 pJ. 14 However communication systems, especially multichannel demultiplexers, require even better on/off ratios at lower switching energies. In this letter, we therefore describe an enhancement of the on/off ratios by using a spin-polarization scheme.
In bulk materials, a spin selection rule indicates that right-hand circularly polarized light generates spin-up and spin-down carriers at a 1:3 ratio since the heavy-hole and light-hole bands are degenerate. In quantum wells, however, particularly compressively strained ones, the heavy and light-hole bands are completely separate. This allows selective excitation of the heavy-hole excitons: only the spindown carriers are excited by the pump light. Under this pumped condition an exciton saturation due to spindependent phase space filling ͑PSF͒ and spin-independent Coulomb contribution ͑plasma screening of Coulomb interaction and exciton linewidth broadening͒ 16 occurs, and if a signal pulse with a linear polarization composed of righthand and left-hand circular polarization passes through the MQW, its polarization changes into a rotated elliptical polarization. This is because only the component whose circular polarization is the same as that of the pump pulse can see the absorption saturation and refractive index change caused by the PSF, and the oppositely polarized component cannot see the changes at all unless the spin polarization relaxes. On the other hand, the polarization of the signal pulse does not change when there is no pump pulse. Therefore, if a polarizer perpendicular to the signal polarization is used, the off-state signal can be perfectly cut off while the on-state signal can pass through, improving the on/off ratio dramatically. Figure 1 compares the on/off ratios between the conventional scheme and the spin-polarization scheme. The light source used here was a commercially available optical paraa͒ Author to whom correspondence should be addressed; electronic mail: ryo@aecl.ntt.co.jp In both cases, a circularly polarized pump pulse is used to create a spin-polarized state. In the conventional scheme a signal pulse with the same circular polarization as that of the pump pulse is reflected by the device into a photodetector, where the change in signal is due only to the absorption saturation caused by the pump pulse. In the spin-polarization scheme, however, a linearly polarized signal pulse passing through a polarizing beam splitter ͑PBS͒ is reflected back to the PBS by the device. As mentioned above, with the pump, the reflected signal pulse is rotated elliptically polarized, and this results in its being reflected by the PBS into the photodetector. Without the pump, the signal pulse remains linearly polarized and cannot be reflected by the PBS, dramatically reducing the off-state signal. As shown by the dashed and solid lines in Fig. 1 , a spin-polarization scheme increased the on/ off ratio obtained by more than 20 dB, to over 30 dB for a 4 pJ pump energy and to over 40 dB for a 14 pJ pump energy. These are the largest on/off ratios obtained with surfacenormal all-optical switches. The AFP étalon is indeed effective in increasing the on/off ratios because it reduces the off-state output signals when the matching condition can be realized. It is difficult, however, to meet the matching condition for a desired wavelength or a wide wavelength region. 3 On the other hand, this scheme does not depend on the wavelength. Furthermore, a PBS with a contrast ratio of about 26 dB was used in this experiment, but the use of a polarizer with a larger contrast ratio, such as a GlanThompson prism with a 50 dB contrast ratio, would enable on/off ratios over 50 dB to be obtained with a pump energy of only few picojoules.
The time-resolved switching characteristics obtained at a pump energy of 5 pJ by the conventional and spinpolarization schemes are compared in Fig. 2 . The response time in both cases is about 300 fs. The on/off ratio of the spin polarized switch is so much improved that the output signal during the off state is no longer visible on a linear scale.
With the scheme described above, the input signal must be linearly polarized, implying that the device has polarization sensitivity. Figure 3 shows the experimental setup for polarization-insensitive operation. An input signal pulse with arbitrary polarization is split by a Wollaston prism ͑WP͒ into two orthogonal, linearly polarized beams with energies variable according to its polarization, and they come out at slightly different angles. An objective lens focuses the beams to two spots 50 m apart on the device. A pump beam with circular polarization is also split by the WP into two beams with the same quantity of energy and focused on the same two spots. Both pump beams pass through a quarter-wave plate, making one right-hand circularly polarized and the other left-hand circularly polarized, so that spin-up carriers are excited at one spot and spin-down carriers are excited at the other. The two output signal beams reflected from the device are detected after passing through another WP and a pinhole. Without the pump beams, the signal beams cannot pass through the pinhole because they have no polarization change and are further diffracted at the WP. With the pump pulse, the pump-induced linear polarization components perpendicular to the original polarization in the elliptically polarized signal beams are diffracted back to the original beam angle, enabling passage through the pinhole. The reflectivities of the two signal beams are the same because the SFP is induced equally at the two spots, resulting in the total amount of the two output signal powers being the same regardless of the input signal polarization. Thus, by handling the two polarization components of the input signal at two different points of the device, we can easily obtain polarization insensitivity. It should be noted that to obtain polarization insensitive operation in the conventional scheme, we need to excite both spin-up and spin-down carriers at one spot by using linearly polarized pump pulses so that the signal light with any polarization can see the absorption saturation. With the scheme shown in Fig. 3 , the total number of carriers remains the same but the spin-up and spin-down carriers are excited at different points.
The on/off ratio obtained with polarization-insensitive operation is shown as a function of pump pulse energy in Fig. 4 , where the inset is a time-resolved wave form obtained at a pump energy of 10 pJ. The on/off ratio increases with increasing pump energy, reaching 30 and 40 dB at pump energies of 10 and 30 pJ, respectively. The output signal powers measured at a 10 pJ pump energy during the on and off states are shown in Fig. 5 as a function of signal polarization. The polarization state of the input signal is changed from linear to circular by a Babinet-Soleil compensator. The output signal power is constant at both the on and off states, proving that this scheme provides complete polarization insensitivity.
In summary, using the spin-polarization scheme, we have substantially improved the on/off ratio of an ultrafast all-optical switch made with low-temperature-grown Bedoped strained InGaAs/InAlAs MQWs. Furthermore, by handling the two orthogonal components of the signal pulse at two different points, we have obtained polarization insensitive operation.
